ABSTRACT
INTRODUCTION
III-nitride light emitters have shown a tremendous development in the last two decades with the commercialization of blue and UV LEDs and lasers. At longer wavelengths, however, the internal quantum efficiencies of conventional IIInitride LEDs are still very low 1 . Rare earth (RE) doped III-nitrides provide an alternative route for the realization of allnitride light emitters throughout the entire visible spectrum. The first red emitting LEDs based on Europium doped GaN have been realized using in situ doping during metal organic vapor phase epitaxy (MOVPE) 2 . Other successful doping experiments were reported using molecular beam epitaxy 3 and ex situ doping by ion implantation 4 . Ion implantation allows RE doping of planar substrates with the facility of lateral patterning. It is also well suited to doping low dimensional structures such as nanowires and quantum dots whereas incorporation of impurities in nanostructures during the growth process is challenging 5 . However, the damage caused by ion implantation introduces defect levels in the band gap which can lead to nonradiative deexcitation and thus inhibit the RE emission. Thermal annealing at high temperatures is necessary to optically activate the RE ions. However, first signs of dissociation are seen already at temperatures as low as 800 ºC and annealing above 1000 ºC leads to severe damage if no measures are taken to protect the surface from the out-diffusion of nitrogen 6 . Efficient optical activation of Eu implanted GaN was achieved by postimplant annealing at high temperatures (> 1000 ºC) and ultra-high nitrogen pressures 7 . Here we report a detailed study of the structural and optical properties of ion implanted GaN:Eu layers subjected to high pressure annealing up to 1450 ºC.
EXPERIMENTAL DETAILS
GaN films, ~3 μm thick, grown by MOVPE on (0001) sapphire substrates were implanted with 300 keV Eu ions. The ion implantation was performed at room temperature to fluences of 1×10 13 Eu/cm 2 and 1×10 15 Eu/cm 2 and with an angle of 10º between the ion beam and the samples' surface normal in order to suppress channeling of the ions. Post-implant annealing to recover the crystal was carried out at temperatures from 1000 ºC to 1450 ºC for 30 min at 1 GPa nitrogen pressure (high pressure high temperature (HPHT) annealing).
High resolution X-ray diffraction (XRD) 2θ−ω curves were acquired using monochromated CuK α1 radiation on a D8Discover system from Bruker-AXS using a Göbel mirror and an asymmetric 2-bounce Ge(220) monochromator in the primary beam and a 1 mm slit in front of a scintillation detector in the secondary beam.
RBS/C measurements were performed using a 2 MeV He + beam, a two axes goniometer and Si surface barrier detectors at ~180º and 140º backscattering angle. Full angular scans were fitted using the Monte Carlo code FLUX 8 .
PL spectra were acquired at 20 K using the 325 nm line of a He-Cd laser for excitation and a CCD camera for detection. Figure 1 shows (002) 2θ−ω curves of as-grown, as-implanted and annealed GaN:Eu samples for the two studied fluences. It is well known that implantation defects in c-plane GaN introduce high levels of hydrostatic strain which lead to an expansion of the c lattice parameter in the implanted region 9, 10, 11 . This expansion is seen in the formation of a secondary peak in the XRD curves at lower 2θ angle than the position for undamaged GaN (Fig. 1 ). For the low fluence sample (Fig. 1a) this expansion is completely reversed after annealing at 1000 ºC; the XRD curves of the as-grown and annealed samples are identical, indicating a complete recovery of the crystal. For the high fluence sample, the secondary peak is also seen to decrease and shift back towards the position of as-grown GaN; however, some deformation still remains even after the annealing step at the highest temperature of 1450 ºC. RBS/C spectra for the low fluence samples (not shown) reveal that the lattice damage is very low and completely removed after annealing, in good agreement with the XRD results. The aligned RBS/C spectra of the high fluence samples for different annealing temperatures are shown in Fig. 2 . After implantation the backscattering yield in the Ga signal is strongly increased due to the implantation defects. As these defects are removed, the backscattering yield is decreasing with increasing annealing temperature; however, even for the highest temperature, the backscattering yield remains higher than for the as-grown sample evidencing the existence of thermally very stable defect configurations. In fact, it was shown that point defects, mainly created during low fluence implantation, are mobile even at very low temperature 12 . Therefore implantation damage can be efficiently removed in the low fluence sample while higher fluences lead to the formation of thermally very stable extended defects such as point defect clusters and stacking faults 13 .
RESULTS AND DISCUSSION
The backscattering yield of Eu in the aligned spectra is also seen to decrease with increasing annealing temperature indicating that HPHT annealing promotes the incorporation of Eu into substitutional sites. In fact, such behavior is not observed for low temperature (~1000 ºC) low pressure annealing where the Eu signal in the aligned spectrum typically remains unchanged after annealing 13 . Note that at the same time no diffusion of Eu is observed and the Eu profiles derived from the random spectra (not shown) remain unchanged after annealing.
RBS/C spectra along the <0001> axis (Fig. 2) are only sensitive to displacements perpendicular to that axis and are not sufficient to distinguish between the Ga-and the N-site. Therefore, full angular RBS/C scans were carried out in the <0001> and <-2113> axes and are presented in Fig. 3 . The widths of the Eu-and the Ga-scans are seen to be similar for both directions indicating that Eu is incorporated on substitutional Ga-sites. Eu is often seen to incorporate slightly displaced from the perfect Ga-site 14, 15 ; however, in this case, due to the high minimum yield of the Eu scans, it is difficult to determine a value for this displacement. In fact, the fits shown in Fig. 3 assume similar displacement values for Ga and Eu atoms. From the minimum yields (χ min ) of Ga and Eu, it is possible to estimate the substitutional fraction, f S , using
The scans in Fig. 3 show that the substitutional fraction in this sample is only about 40-50%. This low substitutional fraction is attributed to the relatively high residual lattice damage while lower fluence implantation as well as in situ doping can lead to almost complete incorporation of Eu on Ga-sites 13, 15 . Despite the incomplete lattice recovery and low substitutional fraction of the high fluence samples we observe effective optical activation of the Eu ions in all cases. Fig. 4 shows the low temperature PL spectra of the sample series for excitation above the bandgap at 325 nm. The spectra evidence a strong increase of PL intensity with annealing temperature for both fluences. We have shown before that the Eu 3+ luminescence under the used excitation conditions is dominated by the lines of two majority centers named Eu1 and Eu2 7 . A number of additional centers have been reported in GaN:Eu but are not efficiently excited for excitation above the band gap 16 . While Eu2 is only observed for excitation above the band gap, Eu1 is excited also below the band gap allowing an easy discrimination between the two centers. All except one of the spectra shown in Fig. 4 are dominated by center Eu2 with the characteristic intense line at ~621 nm. Only the high fluence sample annealed at the lowest temperature of 1000 ºC is showing a different spectral shape characteristic for center Eu1. This result suggests that the Eu1 center is associated to a particular defect created by the implantation and removed efficiently only for temperatures above 1000 ºC. The low fluence sample on the other hand shows PL spectra which are dominated by Eu2 already for annealing at 1000 ºC. After annealing at 1450 ºC, the low fluence sample reveals a higher maximum PL intensity than the high fluence sample. In the latter, the luminescence lines are strongly broadened due to the high density of lattice defects which slightly distort the lattice symmetry in the direct vicinity of the Eu ions. Furthermore, we observe a broad background below the sharp Eu emission lines possibly due to Eu in strongly disturbed lattice sites. The integrated PL intensity as a function of the annealing temperature is plotted in Fig. 5 for both fluences. For the low fluence samples the PL intensity is seen to increase exponentially when rising the annealing temperature from 1000 to 1450 ºC. This is surprising since our structural analysis suggests a full recovery of the lattice already for 1000 ºC annealing. Most probably the Eu luminescence is quenched by defects that are difficult to be detected in XRD and RBS/C measurements (e.g. vacancies).
For the high fluence sample, the PL intensity is also seen to increase with temperature, however, for the highest temperature it seems to saturate probably due to the inability to further remove implantation defects in this sample. In fact, for the highest annealing temperature the integrated PL intensity is similar for the two fluences showing that most of the Eu ions (> 99%) in the high fluence sample are optically inactive.
CONCLUSIONS
We investigated the structural and optical properties of Eu implanted GaN and the effect of HPHT annealing. For low fluences we observe a full structural recovery (as measured by XRD and RBS/C) already for annealing at 1000 ºC. Optical activation, on the other hand, is seen to improve strongly for annealing temperatures above 1000 ºC. An exponential increase of the integrated PL intensity is revealed in the temperature range from 1000 to 1450 ºC. High fluence implantation leads to the formation of thermally very stable defect configurations such as point defect clusters and stacking faults which are not completely removed during annealing at temperatures as high as 1450 ºC. This damage leads to a reduced incorporation of Eu into substitutional sites, a broadening of the Eu related PL lines and to a less efficient optical activation of Eu ions. Since increasing the annealing temperature is not a viable option as it would damage the samples, we suggest a multiple step implantation/annealing process where the implantation fluence in each step is kept low allowing complete lattice recovery as shown in this study. Also annealing techniques beyond the thermodynamic equilibrium, such as laser annealing or the irradiation with swift heavy ions, may be an alternative.
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